NMDA receptor NR2 subunits (terminating in -ESDV; through its PDZ domains to the C-terminal tail of transmembrane FASII and that this interaction may be impor- Kornau et al., 1995; Mü ller et al., 1996; Niethammer et al., 1996) or Shaker K ϩ channels (-ETDV; Kim et al., tant for the synaptic localization of FASII and for the control of NMJ morphology. 1995). Through this PDZ-tSXV interaction, PSD-95 can organize macroscopic clusters of NMDA receptors and
We now present genetic, cell biological, and biochemical evidence that DLG interacts directly with FASII and Shaker K ϩ channels in heterologous cells (Kim et al., 1995 . An in vivo synaptic clustering function is that both molecules appear to function in a common developmental pathway that regulates presynaptic morsupported by the genetic analysis of the Drosophila gene discs-large (dlg), which encodes a PSD-95/SAP90-phology. In addition, we show that DLG can form ternary complexes with FASII and Shaker and hence organize like MAGUK. DLG binds to Shaker K ϩ channels in vitro and colocalizes with Shaker in type I boutons of the coclusters composed of CAMs and ion channels. These results demonstrate an interaction between a MAGUK larval NMJ. Most significantly, in dlg mutant flies, normal Shaker K ϩ channel clustering in the NMJ is abolished and a cell adhesion molecule and have interesting implications for the molecular mechanisms of synapse devel- (Tejedor et al., 1997) . Clustering of specific ion channels at synaptic locations, however, is unlikely to be the only opment. in vivo function of the DLG/PSD-95 family of proteins, since mutations in dlg also have major effects on synapResults tic morphology (Lahey et al., 1994; Budnik et al., 1996; Guan et al., 1996; Thomas et al., 1997) . DLG/PSD-95-FASII and DLG Colocalize In Vivo, and Mutations in dlg Result in Abnormal FASII Distribution related molecules probably function as scaffolds for bringing together many disparate classes of proteins
The presence of a potential PDZ-binding sequence (-NSAV) at the C terminus of the transmembrane forms (see Sheng, 1996 , for review). Via binding to "structural" components of the synapse such as cell adhesion moleof FASII raised the possibility that FASII may directly interact with DLG. A requirement for a physiological cules, DLG could be involved in the regulation of synaptic structure during development and plasticity.
interaction between FASII and DLG is that these molecules must colocalize in vivo. To test this possibility, we During larval development, the Drosophila CAM FASII becomes concentrated at synaptic boutons of the NMJ used antibodies against FASII (Schuster et al., 1996a) and DLG (Woods and Bryant, 1991) for double label in a pattern similar to the localization of DLG and Shaker (Schuster et al., 1996a) . While one splice form of FASII immunofluorescence of Drosophila larval body wall muscles. DLG and FASII immunoreactivities showed is linked to the membrane through a phosphoinositol anchor, two other alternatively spliced forms (denoted striking overlap at type I boutons of the NMJ (Figure 1 ). In wild-type third instar larvae, type I synaptic boutons as PESTϩ and PESTϪ form, respectively; Lin et al., 1994) , are transmembrane proteins that terminate intracelluare completely enveloped by the postsynaptic muscle cell. At the junctional region, the muscle membrane larly with an amino acid sequence (-NSAV; Grenningloh et al., 1991) that is consistent with the tSXV consensus forms a highly elaborate structure, the subsynaptic reticulum (SSR), which is composed of several layers of intrifor binding to PDZ domains of DLG/PSD-95 family proteins. Therefore, we hypothesized that DLG may bind cately convoluted membranes around the presynaptic terminal (Atwood et al., 1993; Jia et al., 1993) . Previous 2C and 2D), in contrast to the tight association of FASII with the edge of wild-type boutons (Figures 2A and 2B ). studies have shown that DLG is expressed at the SSR and in association with presynaptic membranes (Lahey Similar delocalization of FASII staining was found in both dlg m52 /Df (Table 1) and dlg v59 /Df mutants (not shown), et al., 1994) . FASII is also expressed at pre-and postsynaptic membranes, but its expression in the SSR is realthough the intensity of the labeling was closer to wildtype levels. stricted to the region proximal to the motoneuron terminal (Schuster et al., 1996a) . At the confocal microscopic Further evidence that changes in FASII staining pattern were due to alterations in DLG came from genetic level, the colocalization of DLG and FASII staining occurred specifically at the bouton border, presumably at rescue experiments, in which DLG ( Figures 3C-3E ) or its close mammalian homolog SAP97 (Mü ller et al., 1995 ) the region of contact between the pre-and the postsynaptic cell (Figure 1 ). However, unlike DLG, which is selec-( Figure 3F ) were selectively expressed in pre-and postsynaptic cells. To target DLG or SAP97 to type I mototively expressed at type I boutons of the NMJ, FASII was also expressed in other bouton types including type neurons or to all motoneurons, we used previously described GAL4 enhancer traps BG380, sca-GAL4, and II (data not shown). These results show that in wildtype flies, DLG and FASII are colocalized in a subset elav-GAL4 (Luo et al., 1994; Budnik et al., 1996) . To target DLG or SAP97 to muscles 6 and 7, we used the GAL4 of neuromuscular synapses consistent with a potential interaction of these two proteins in vivo.
strain BG487 or da-GAL4 (Budnik et al., 1996; Thomas et al., 1997) . Complete rescue of the abnormal FASII Because mutations in DLG disrupt the normal synaptic localization of Shaker, a DLG-interacting ion channel, distribution and intensity was observed when either DLG or SAP97 was targeted simultaneously to pre-and postwe tested the hypothesis that DLG might also be required for proper localization of FASII at type I neurosynaptic cells (Figures 3E and 3F ; Table 1 ). In contrast, only partial rescue was obtained by targeting DLG to muscular synapses. In keeping with this hypothesis, it was found that the pattern of FASII immunoreactivity either the pre-or the postsynaptic cells (Figures 3C and  3D ; Table 1 ). In these partially rescued synaptic boutons, was altered in all dlg mutant alleles examined ( Figure  2 and Table 1 ). The most profound change in FASII FASII appeared localized to the border of synaptic boutons, but the intensity of the immunoreactivity was low localization was found in dlg X1-2 /Df mutants (Figures 2C  and 2D; Table 1 ). In this allele, the intensity of FASII (Table 1 ). These results demonstrate that DLG is required in both the pre-and the postsynaptic cell for immunoreactivity at the NMJ was greatly reduced. In addition, comparison of boutons double labeled with proper FASII localization and that the altered FASII staining seen in dlg mutants probably reflects delocalization anti-FASII and the presynaptic marker anti-HRP revealed that FASII immunoreactivity was dispersed in a of both presynaptic and postsynaptic FASII. and compared it to the phenotype observed in fasII e76 . In the postsynaptic region, the SSR was greatly reduced mutant larvae ( Figure 2E ). Shaker distribution was also unaffected in these strong hypomorphic fasII mutants in the hemizygote dlg X1-2 /Df or in dlg X1-2 /Y males, such that it failed to surround type I boutons or formed very (data not shown). Thus, DLG is required for proper localization of FASII at type I boutons, but a dramatic reducfew folds at the junctional region ( Figure 4B ). These abnormalities were similar but more severe than in dlg m52 tion in FASII expression has no effect on the synaptic distribution of DLG or Shaker channels. and dlg v59 mutants (Lahey et al., 1994; Budnik et al., 1996) . In the presynaptic terminals of dlg X1-2 mutants, the most evident morphological change was an increase The Number of Active Zones Is Increased in Both dlg X1-2 and fasII e76 Mutants in the number of active zones within single boutons ( Figure 4B ). This change was quantified by serially secTo obtain additional evidence that DLG and FASII interact in vivo, we examined the synaptic morphologies of tioning type I synaptic boutons and examining their midline section. The bouton midline was defined as the dlg and fasII mutants at the ultrastructural level. Previous light and electron microscopic studies on dlg m52 and cross-section of largest area in a collection of serial sections that spanned the entire bouton. In wild type, dlg v59 mutant larvae demonstrated that the structure of their type I glutamatergic neuromuscular synapses the number of active zones was 1.0 Ϯ 0.17 (n ϭ 22), while in dlg X1-2 /Df hemizygotes, it was 4.0 Ϯ 0.31 (n ϭ is severely affected, particularly postsynaptically, with poor development of the SSR (Lahey et al., 1994; Budnik 19 ) and 2.8 Ϯ 0.2 (n ϭ 23) in dlg X1-2 /Y males ( Figure 5A ). This ‫-3ف‬ to 4-fold increase in the number of active zones et al., 1996; Guan et al., 1996) . However, both electrophysiological studies and genetic rescue experiments was not simply due to an increase in the size of the presynaptic terminal, which was also larger in crossimply an important function for DLG also in the presynaptic cell (Budnik et al., 1996) . Moreover, a recent study sectional area in dlg X1-2 mutants ( Figure 5B ), because normalization of the number of active zones by the boutargeting DLG to both pre-and postsynaptic cells (Figures 4D and 5) . Interestingly, targeting DLG expression ton cross-sectional area revealed a similar effect in the mutant ( Figure 5C ).
only to the postsynaptic cells could partially rescue the presynaptic morphological phenotype ( Figure 5 ). This That the increase in the number of active sites was caused by altered DLG was confirmed by using GAL4 observation suggests that the postsynaptic cell plays a role in the determination of active zones. The mammastrains to target selectively DLG or SAP97 to pre-and/ or postsynaptic cells. The increased number of active lian homolog SAP97 was also effective in rescuing this dlg defect, again indicating functional homology of these zones in dlg X1-2 /Df could be completely rescued by targeting DLG to the presynaptic cell or by simultaneously two proteins.
be involved in a common developmental pathway that determines the number of neurotransmitter release sites. In support of this hypothesis, we found that the number of active zones in fasII e76 dlg X1-2 /Y double mutants (2.9 Ϯ 0.29; n ϭ 19) was similar to that obtained for either dlg
Direct Interaction of FASII and DLG
The abnormal localization of FASII in dlg mutants, the similar presynaptic phenotype in dlg, fasII, and fasII dlg double mutants, and the presence of a C-terminal -NSAV sequence in the transmembrane isoform of FASII raised the possibility that the localization and function of FASII at type I boutons may be mediated through a direct interaction between FASII and DLG. This was initially tested by immunoprecipitating FASII with antibodies against DLG from body wall muscle cell extracts ( Figure  6A ). DLG antibodies coimmunoprecipitated FASII and DLG in wild-type extracts but failed to do so in extracts from dlg X1-2 , suggesting that FASII can exist in a complex with DLG in vivo.
Consistent with this hypothesis, two in vitro assays were used to demonstrate that FASII interacts with the PDZ domains in DLG. In the first assay, an enzymelinked immunoabsorbent assay (ELISA) was used to assess the relative binding affinities of FASII interaction with the PDZ domains of DLG ( Figure 6B ). In this assay, the C-terminal 98-amino-acid residues of the transmembrane isoform of FASII were found to bind PDZ1-2 in DLG with an EC 50 of 7 nM. No detectable binding was observed for the PDZ3 domain. Interestingly, PDZ2 alone exhibited a lower relative binding affinity for FASII than PDZ1-2. Analogous binding constants were observed between FASII and the PDZ domains in SAP97 (EC 50 -PDZ1-2: 10 nM; Figure 6B ).
In the second assay, a semiquantitative yeast twohybrid assay showed that the C-terminal 10 amino acids of the transmembrane form of FASII could bind specifically and reproducibly to the combined PDZ1 and PDZ2 binding was also observed between the FASII C-terminal tail and PDZ domains of SAP90/PSD-95 ( Figure 6C ). The weak binding of the cytoplasmic tail of FASII to PDZ1-2 Strikingly, previous studies have shown that the number of presynaptic release sites is also increased in determined by the two-hybrid assay may represent a lower sensitivity of this technique over the ELISA (see fasII e76 mutants . Hence, the alterations in the presynaptic structure of dlg X1-2 mutants Discussion).
To examine whether the full-length FASII and DLG ( Figures 4C and 5 ) are highly reminiscent of the morphological abnormalities found in fasII hypomorphs (Stewart proteins can interact in a cellular environment, coimmunoprecipitation studies were performed on COS7 cells et al., 1996) or in mutant combinations that are known to down regulate FASII at synaptic boutons (Jia et al., cotransfected with the transmembrane form of FASII and DLG. Unfortunately, even though the FASII antibod-1993; . In our quantitative studies, the number of active zones was 2.7 Ϯ 0. X1-2 . Positions of molecular size markers are shown in kilodaltons. (B) Dose-response curves of C-terminal 98-amino-acid residues of FASII binding to the PDZ domains in DLG and SAP97. H6-FASII was bound at 100 nM and incubated with various concentrations of GST-fusion proteins (GST, GST-DLG-PDZ1-2, GST-DLG-PDZ2, GST-DLG-PDZ3, GST-SAP97-PDZ1-2, GST-SAP97-PDZ2, GST-SAP97-PDZ3) that were serially diluted (1:3) starting at 5 M. Binding of GST fusion proteins was detected with an anti-GST antibody and monitored as absorption at 405 nm with a microplate reader after an alkaline phosphatase-dependent color reaction. The data were fit with the Hill equation (Abs ϭ Abs max/1ϩ[EC50/{X}] n ) using a nonlinear least square algorithm. (C) Yeast two-hybrid assay of FASII C-terminal 10 amino acid tail to the PDZ domains of DLG and members of mammalian SAP90/PSD-95 family. The semiquantitative assay is based on the induction of yeast reporter genes HIS3 and ␤-gal. HIS3 activity was measured by the percentage of colonies growing on histidine-lacking medium (ϩϩϩ, Ͼ60%; ϩϩ, 30%-60%; ϩ, 10%-30%; -, no significant growth) and ␤-gal activity by determining the time taken for colonies to turn blue in X-gal filter lift assays at room temperature (ϩϩϩ, Ͻ1 hr; ϩϩ, 1-3 hr; ϩ, 3-8 hr; -, no significant ␤-gal activity).
of the fact that DLG can form an immunoprecipitable that DLG can mediate the formation of a ternary complex containing an ion channel (Shaker) and a cell adhesion complex with the Shaker channel subunit Kv1.4 (Tejedor et al., 1997 ; E. K. and M. S., unpublished data) and asked molecule (FASII). whether we could detect a ternary complex of DLG, Shaker, and FASII.
Coclustering of DLG, Shaker, and FASII in Heterologous Cells COS cells were triply transfected with DLG, Shaker K ϩ channel, and FASII, and lysates were immunoprecipiThe ability of DLG to recruit both FASII and Shaker into a common complex was further explored by examining tated with Shaker antibodies and sequentially immunoblotted for Shaker, DLG, and FASII (Figure 7) . Shaker the distribution of each protein in heterologous cells (Figure 8 ). In COS7 cells doubly transfected with FASII antibodies efficiently coimmunoprecipitated DLG and FASII in addition to its cognate antigen. The specificity and Shaker, both proteins exhibited a diffuse distribution with some perinuclear accumulation, typical of hetof this complex formation was evaluated by substituting the C-terminal valine (V) of FASII and Shaker with alanine erologously expressed membrane proteins ( Figures 8A  and 8B ). This diffuse distribution is similar to that seen (A), a mutation that abolishes binding of both proteins to DLG (Tejedor et al., 1997; E. K. and M. S., unpublished if either Shaker or FASII is expressed individually (data not shown). In contrast, when cells were triply transdata). These substitutions had no effect on the expression levels of the mutant proteins (Figure 7 ). The fected with FASII, Shaker (Kv1.4), plus DLG, FASII and Shaker were redistributed into plaque-like clusters in V-to-A mutation of Shaker did not affect its precipitation by Shaker antibodies but abolished coimmunoprecipitawhich both proteins were exactly colocalized ( Figures  8C and 8D ). The finding that DLG can organize macrotion of DLG and FASII, indicating that Shaker antibodies do not cross-react with DLG and FASII (Figure 7) . DLG scopic clusters of FASII and Shaker in heterologous cells represents a striking visual correlate of the ternary was consistently coimmunoprecipitated with wild-type Shaker, however, indicating that the C-terminal valine complex inferred from coimmunoprecipitation studies. Because Shaker, FASII, and DLG form ternary comis critical for Shaker-DLG interaction. In addition to wildtype Shaker, formation of the ternary complex required plexes in heterologous cells, and because these three molecules colocalize at type I synapses, we sought for wild-type FASII, because the V-to-A mutant FASII could not be coprecipitated with the DLG-wild-type Shaker interactive effects of Sh and dlg mutations on FASII localization at the NMJ. Sh 102 mutants generate a truncomplex. Thus, the ternary complex depends on independent interactions between DLG and the C termini of cated form of Shaker lacking the intracellular C-terminal -tSXV motif (Pongs et al., 1988; Schwarz et al., 1988 phology; and fourth, FASII can be immunoprecipitated Sh, dlg, and fasII are consistent with a biochemical interfrom body wall muscle extracts using anti-DLG antibodaction between these proteins in vivo.
ies. This conclusion is supported by our in vitro experiments showing that the C-terminal tail of FASII can bind Discussion to PDZ1-2 of DLG. Although a high affinity binding between PDZ1-2 and In this paper, we present biochemical, cell biological, FASII cytoplasmic tail is observed using ELISA, a weaker and genetic evidence for an interaction between DLG interaction is found using the two-hybrid assay. This and FASII. FASII binds via its intracellular C-terminal tail apparent discrepancy may reflect a reduced sensitivity to the PDZ1-2 domains of DLG, and this interaction is of the two-hybrid assay compared to ELISA. For examrequired in vivo for normal localization of FASII at speple, significant binding between the C-terminal domain cific synaptic sites. A functional interaction between of Shaker and PDZ3 is detected by ELISA (C. G., unpub-DLG and FASII is further implied by the involvement of lished data), but no binding is observed in the two-hybrid DLG and FASII in a common developmental pathway assay. In addition, the ␤-galactosidase assay is the more that regulates the number of active zones.
sensitive component of the two-hybrid system. In our experience, it is not uncommon for weaker interactions Direct Interaction between FASII and DLG in NMJ to be detectable by ␤-galactosidase activity but not by While the PDZ domains of MAGUKs have been shown previously to interact with ion channels (Kim et al., 1995;  histidine-independent growth.
Since FASII and DLG are present both pre-and postany SSR. In contrast, type I boutons contain predominantly glutamate-containing vesicles, are devoid of ellipsynaptically, the direct interaction between FASII and tical dense core vesicles, and are completely sur-DLG provides a mechanism by which FASII-mediated rounded by the postsynaptic muscle membrane that homophilic adhesion between pre-and postsynaptic forms an SSR (Jia et al., 1993) . Type I boutons are remembranes can be coupled to DLG and to "downsponsible for classical excitatory neurotransmission stream" intracellular proteins that bind to DLG. Like (Kurdyak et al., 1994) , while type II boutons appear to other MAGUKs, DLG is a modular protein containing play a modulatory role. Therefore, it is very likely that a several protein-protein interaction domains, including different transduction machinery, which only partially PDZ, SH3, GUK, and cytoskeletal binding domains overlaps with that of type I, underlies the signaling by (Woods and Bryant, 1993) . These protein-binding dotype II motoneurons and that other DLG-like molecules mains may allow DLG to link FASII to the cytoskeleton, may be involved in assembling pre-and/or postsynaptic thereby anchoring the CAM-based apposition of the complexes at these sites. In vertebrates, inhibitory synsynaptic membranes. CAMs may also play roles beyond apses use gephyrin to cluster glycine receptors in the "passive" adhesion and are likely to be coupled, directly brain, cholinergic neuromuscular synapses use rapsyn or indirectly, to signaling processes within the cell (e.g., to cluster AChR, and some excitatory synapses use Williams et al., 1994) . Like its mammalian relatives that PSD-95 to cluster NMDA receptors (reviewed in Sheng, bind to nNOS, APC, or GKAP 1996) . Significantly, several members of the MAGUK Matsumine et al., 1996; Kim et al., 1997) , 1997; Sheng, 1997) . extend to all regions of the synapse. FASII is concenIn dlg mutants, FASII immunoreactivity was altered in trated along the margin of the bouton, presumably at both intensity and distribution. In dlg X1-2 , the intensity the site of contact between the pre-and the postsynapof FASII immunoreactivity was dramatically decreased, tic cell (also see Schuster et al., 1996a) . In contrast, DLG and it was localized to a broader area surrounding type has a broader pattern of expression, spanning not only I boutons. Similar delocalization was observed in two sites of direct apposition between pre-and postsynaptic other dlg alleles, dlg m52 and dlg v59 , but in these alleles, cells but also more distal regions of the SSR (Lahey et the intensity of the label was closer to wild type. These al., 1994). Apparent restriction of the colocalization to results indicate that DLG is required to localize FASII to regions of cell-cell contact may reflect the possibility type I synaptic boutons properly. The difference in FasII that homophilic interactions between the extracellular immunoreactivity in different dlg mutant alleles may redomains of FASII in apposing cells are also necessary flect the degree of severity of the dlg mutation. For to concentrate FASII at sites of close membrane contact.
example, in dlg X1-2 , the amount of DLG protein is severely While close apposition between the pre-and postsynapreduced (Tejedor et al., 1997) , in addition to deleting the tic membrane is observed in the outer region of the SSR, entire GUK domain . However, it is no such apposition exists at the distal regions of the important to point out that the changes of intensity and SSR (Jia et al., 1993) . The areas of noncolocalization distribution of FASII immunoreactivity in dlg mutants can be reasonably explained by the existence of DLGmay also be a consequence of the reduction in the surbinding partners other than FASII. For example, we have face of the postsynaptic SSR membrane in these murecently shown that Shaker channel protein, which also tants. interacts directly with DLG, spans the complete synaptic region occupied by DLG (Tejedor et al., 1997) . The differential microdistribution of FASII and Shaker within type Role of DLG and FASII in the Regulation I boutons is reminiscent of the ultrastructural segregaof the Number of Active Zones tion of nicotinic acetylcholine receptors and sodium Clearly, the development of a mature synapse requires channels at the vertebrate NMJ, which also shows comreciprocal interactions between pre-and the postsynapplex postsynaptic membrane infoldings analogous to tic cells. For example, coculture studies of motoneurons the SSR (Flucher and Daniels, 1989) . and myotubes show that while growth cones are capaWhile FASII colocalizes with DLG at type I synaptic ble of neurotransmitter release before encountering a boutons, FASII is also found at another synaptic bouton postsynaptic cell, physical contact between pre-and type, type II, which is devoid of DLG expression. Howpostsynaptic cells is required to initiate patterned neuroever, type II synapses are strikingly different from type transmitter release (Sun and Poo, 1987) . At the fly NMJ, I, both with regard to their pre-and postsynaptic ultramotoneurons grow and differentiate apparently normal structure and with regard to their neurotransmitter idenactive zones in the absence of postsynaptic muscle tity (Johansen et al., 1989; Jia et al., 1993; Monastirioti cells . However, in these targetless neurons, active zones et al., 1995). For example, at the presynaptic terminal, become inappropriately localized (Prokop et al., 1996) . type II synapses are filled with elliptical dense core vesiObvious protein candidates that may mediate this sigcles believed to contain octopamine in addition to glutanaling between pre-and postsynaptic cells are cell admate-containing clear vesicles, and the presynaptic hesion molecules. In this paper, we confirm that FASII regulates the number of active zones and show that this boutons localize on the surface of the muscle without regulation may be accomplished through its intracellular mutant, since both Shaker and DLG show striking increases in the amount of neurotransmitter released by interaction with DLG.
The studies of Schuster et al. (1996a Schuster et al. ( , 1996b suggest the presynaptic motoneuron (Wu and Haugland, 1985; Budnik et al., 1996) . that FASII levels play an important role in the regulation of the number of synaptic boutons and presynaptic ac-
The demonstration here that DLG can organize a mixed cluster of FASII and Shaker implies that the DLG/ tive zones. For example, in hyperexcitable mutants that have reduced levels of FASII at synaptic boutons PSD-95 family of MAGUKs can in principle cocluster any set of membrane proteins that contains the appro- (Schuster et al., 1996a (Schuster et al., , 1996b , there is an increase in the number of synaptic boutons and active zones per priate C-terminal PDZ-binding motif. By extrapolation, then, other classes of membrane proteins typically bouton (Budnik et al., 1990; Jia et al., 1993; Schuster et al., 1996a Schuster et al., , 1996b . Similarly, in fasII e76 mutant alleles, in found at synapses, such as ligand-gated ion channels, 7-transmembrane receptors, and neurotransmitter which FASII levels are decreased to 10% of wild-type levels, the number of active zones per bouton is intransporters, could also be recruited into a common synaptic complex built on a submembranous DLG scafcreased this report) . In this paper, we report that the number of active zones in dlg X1-2 mufold, as long as these membrane proteins terminate intracellularly with a compatible tSXV sequence. Examtants is also increased. Quantitatively similar results were found in fasII dlg double mutants, suggesting that ples of such proteins include NMDA receptors and inward rectifier K ϩ channels, which are already known to both genes may act in a common pathway to regulate the number of active zones.
interact with the mammalian DLG homologs (Cohen et al., 1996; Sheng, 1996) . Based on this coclustering concept, it is plausible that DLG/PSD-95 family MAGUKs Mixed CAM/Ion Channel Clusters directly organize many classes of membrane proteins Organized by DLG at synaptic junctions. Since there is a wide variation An important conclusion of this study is that the DLG/ in binding specificities among different PDZ domains PSD-95 family of MAGUKs can organize heteroclusters (Sheng, 1996; Songyang et al., 1997) , the identities of consisting of ion channels (Shaker) and CAMs (FASII) the proteins that become incorporated into the cluster intimately mixed together. We could directly demonwould be determined by the nature of the PDZ domains strate both a biochemical complex and a macroscopic of the clustering molecule. A reasonable prediction coclustering of FASII and Shaker K ϩ channels, which stemming from this idea is that distinct MAGUKs will were dependent on their interactions with DLG. How organize heteroclusters of different protein composition does DLG scaffold a cocluster of Shaker and FASII when based on the differential recognition specificities of their both these membrane proteins apparently bind to the constituent PDZ domains. same PDZ domains? Recent evidence points to multimerization of PSD-95-type MAGUKs as being important
Experimental Procedures
in their mechanism of clustering (Hsueh et al., 1997) . A similar multimerization of DLG could allow for coaggreFly Stocks gation of two distinct binding partners even if they had Flies were raised at 22ЊC-25ЊC in standard cornmeal/molasses mecompeting specificities for the same PDZ domains. Aldia. The following dlg mutant stocks were used for these studies: y f dlg X1-2 /Basc (dlg X1-2 has very low levels of DLG expression and ternatively, Shaker channels and FASII may be able to lacks the complete GUK domain due to a splicing defect [Woods bind independently to either PDZ1 or PDZ2 domains and et al., 1996; Tejedor et al., 1997] ), y w dlg m52 /Bnsn (dlg m52 has a be "rafted" together via the bivalency of DLG monomers.
splicing defect resulting in a truncated protein containing intact Obviously, these two models are not mutually exclusive.
PDZ1-2 only ), y f dlg
As an intriguing counterpart to their biochemical asexpresses a truncated protein in which the last two thirds of the sociation in a ternary complex, we found a genetic in-GUK domain is deleted [Woods and Bryant, 1991] ), and Df(1)N71/ FM7; Dp(1,2)65v/ϩ, a deficiency that uncovers the dlg locus (reteraction between Shaker and DLG with respect to ferred to as Df in the text). The dlg stocks are described in Perrimon FASII synaptic distribution. Shaker mutations greatly en- (1988) , Bryant (1991), Lahey et al. (1994) , Budnik et al. hanced the severity of the FASII delocalization pheno- (1996) , and et al. (1996) . Homozygous mutant larvae, which carry the double mutants may be due to secondary effects. For y marker, were identified because of the light pigmentation of their example, Schuster et al. (1996a Schuster et al. ( , 1996b (Budnik et al., 1996) or UAS-SAP97 minigenes due to the increased levels of activity in the double (Thomas et al., 1997) were employed. The following GAL4 activator 150 mM NaCl, 2 mM MgCl2 (BBS2) at pH 7.5, serial dilutions of purified GST-fusion proteins in BBS2 were added in pairs of rows strains were used in these studies: P[GAL4]BG487, expressing GAL4 in muscles 6 and 7 in every abdominal segment, P[GAL4]BG380, and allowed to bind overnight at 4ЊC. Plates were washed twice in BBS2, blocked with BBS2/1% BSA and incubated with a rabbit expressing GAL4 in all larval type I motoneurons, and sca-GAL4, with GAL4 expression in embryonic and first instar motoneurons anti-GST polyclonal antibody (1:2000) overnight at 4ЊC. Plates were washed four times in BBS2 and incubated with goat anti-rabbit (Budnik et al., 1996) , elav-GAL4, with GAL4 expression in all neurons (Luo et al., 1994) , and da-GAL4, with GAL4 expression in a wide conjugated alkaline phosphatase (1:2000) (Jackson Immuno-Res Lab) for 4 hr at 4ЊC. Subsequently, plates were washed four times variety of tissues (Wodarz et al., 1995; Thomas et al., 1997) . As wildtype control, the strain Canton-S was used. Genetic markers and with BBS2, and the color reaction was performed in substrate buffer (0.1 mM MgCl 2, 5% v/v diethanolamine [pH 9.8]), plus 1 mg/ml nibalancer chromosomes are described in Lindsley and Zimm (1992) . trophenyl phosphate (Sigma) for 10 min. The color reaction was stopped with 3 N NaOH, and the absorbance at 405 nm was deterImmunocytochemistry and Electron Microscopy mined with a microplate reader (Cambridge Technology IncorpoImmunocytochemical procedures, image acquisition and analysis, rated). Values from each experiment were averaged and base line and transmission electron microscopy were performed as in Budnik absorbance from GST values subtracted before plotting Abs 405 et al. (1996) . Three different samples of each genotype were used against log[GST-PDZ] (M). The data were fit with the Hill equation for the ultrastructural analysis of presynaptic terminals. For this (Abs ϭ Absmax/1ϩ[EC50/{X}] n ) using a nonlinear least square algoanalysis, synaptic boutons were serially sectioned and the section rithm. of largest area (defined as the bouton midline) used for quantitative analysis. Anti-DLG immunocytochemistry was performed using a rabbit polyclonal antibody (Woods and Bryant, 1991) 
according to
Mammalian Expression Constructs Lahey et al. (1994) . Anti-FASII immunostaining of body wall muscles
The transmembrane isoform of FASII (Grenningloh et al., 1991) was was performed using monoclonal antibody 1D4 (kindly provided by subcloned into the mammalian expression vector GW1-CMV (British C. S. Goodman), which was raised against the intracellular domain Biotechnology, Oxford, UK). The mutant form of FASII in which the of FASII, and which is described in Schuster et al. (1996a Schuster et al. ( , 1996b . last amino acid (V) was changed into alanine (A) was constructed The relative intensity of anti-FASII immunoreactivity was determined by using an oligonucleotide that introduces a mutation at the C from confocal images of synaptic boutons double labeled with antiterminus of FASII and PCR amplification of the whole FASII cDNA HRP and anti-FASII acquired under similar conditions. In brief, lines followed by subcloning into GW1-CMV vector. GW1 expression con-(L) at an angle of approximately 45Њ, 135Њ, 125Њ, and 215Њ from the structs of Shaker (Kv1.4, -ETDV), Shaker mutant (-ETDA), and DLG long axis of the bouton were traced from the center of the bouton have been previously described (Kim et al., 1995; Tejedor et al. , to the outer limit occupied by FasII immunoreactivity. Then, the 1997). maximum intensity along L (on a linear scale of 0 to 255) was determined by using the Plot Profile function of NIH Image (version 1.57).
Cell Transfection, Immunoprecipitation, Four measurements (each of the four angles) were taken for each and Coclustering Assays bouton, averaged, and expressed in percent form as relative inten-COS7 cells were transfected at ‫%06-%04ف‬ confluence, using the sity (% I max ). To quantitate the distribution of FASII immunoreactivity Lipofectamine method (GIBCO-BRL), either in 100 mm tissue culture in different genotypes, samples were double labeled with anti-HRP dishes (for preparation of extracts for immunoblotting and immunoand anti-FASII, and the ratio d F /d B was determined using NIH Image, precipitation) or on polylysine-coated coverslips (for coclustering where dB is the diameter of the bouton (determined in the antiexperiments). Coimmunoprecipitation was performed essentially as HRP channel) and dF the diameter of the area occupied by FASII described in Sheng et al. (1994) . In brief, after 48 hr of transfection, immunoreactivity.
dounce homogenized cells were extracted in Tris-buffered saline (pH 7.4) containing 1% Triton X-100 and protease inhibitors at 4ЊC Yeast Two-Hybrid Assay for 1 hr. After centrifugation at 16,000 ϫ g for 30 min, the supernatant The coding sequence for the last 10-amino-acid residues (-GEIIGKN was incubated with affinity-purified anti-Kv1.4 antibody (1 g/ml; SAV) of the transmembrane form of FASII (Grenningloh et al., 1991 ) Sheng et al., 1992 at 4ЊC for 1 hr. Immunoprecipitates were collected was synthesized as complementary oligonucleotides and fused to with protein A-Sepharose, separated in a 6% SDS-PAGE gel, and the LexA DNA-binding domain. The LexA-Shaker C-terminal tail conimmunoblotted sequentially with anti-Kv1.4 (1 g/ml), anti-DLG structs have been previously described (Tejedor et al., 1997) . PDZ
(1:2000 dilution; Woods and Bryant, 1991; Lahey et al., 1994) , and domains of DLG (PDZ1-2 [amino acids or PDZ3 [amino anti-FASII (1:100 dilution; a gift from Dr. Corey Goodman) antibodies. acids 483-570]) were fused to the GAL4 activation domain of the For coimmunoprecipitation of body wall muscle protein extracts, vector pGAD10 (Clontech). Analogous constructs of PDZ domains about 50 body wall muscles and CNSs of wild type and dlg X1-2 were from PSD-95 (PDZ1-2 [amino acids or PDZ3 [amino acids homogenized in 80 l RIPA buffer (150 mM NaCl, 1% IGEPAL CA-304-389]) have been described (Kim et al., 1995) . Various combina-630, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris [pH 8.0]) containing tions of these were transformed into the L40 yeast strain harboring protease inhibitors (100 g/ml PMSF, 1 g/ml leupeptin, 1 g/ml the reporter genes HIS3 and ␤-galactosidase (␤-gal) (Bartel et al., aprotinin) , incubated on ice for 15 min, and centrifuged at 15,000 ϫ 1993; Kim et al., 1995) . HIS3 activity was determined by the percentg for 15 min. The pellet was resuspended in 80 l RIPA buffer and age of colonies growing on histidine-lacking medium and ␤-gal accentrifuged again. Supernatants were recombined, and an equal tivity by the time required for colonies to turn blue in X-gal filter lift amount of protein for each wild type and mutant ‫7.1ف(‬ mg) was assay at room temperature.
incubated for 1 hr with 5 l undiluted anti-DLG serum at 4ЊC. Antibody-antigen complexes were collected with protein A-Sepharose previously preabsorbed with RIPA buffer containing 1% BSA, sepa-ELISA The last 98-amino-acid residues of the transmembrane 97 kDa isorated in 7.5% SDS-PAGE gel, and immunoblotted sequentially with anti-FASII and anti-DLG antibodies. Bands were visualized with perform of FASII (Grenningloh et al., 1991) were fused to and stained with primary antibodies (anti-FASII antibodies at 1:100 dilution, anti-Kv1.4 antibodies at 1 g/ml, and anti-DLG antibodies to the glutathione S-transferase (GST) in the pGHEB vector (Mü ller et al., 1996) . H6-FASII at 0.1 M were bound to the wells of a 96-at 1 g/ml) (Woods and Bryant, 1991; Sheng et al., 1992; Lahey et al., 1994; Schuster et al., 1996a Schuster et al., , 1996b . Cy3-or FITC-labeled well MaxiSorp immunoplate (Nunc) in 125 mM borate, 75 mM NaCl (BBS1) at pH 8.5. Plates were incubated overnight at 4ЊC, washed secondary antibodies (Jackson Immunoresearch) were used at dilutions of 1:1000 and 1:200, respectively. Immunofluorescence was twice in BBS1, and blocked with BBS1 plus 1% bovine serum albumin (BSA) for 6 hr at 4ЊC. After washing twice in 125 mM borate, viewed with a Zeiss Axioskop microscope.
